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On the move: Vertical displacement of silicon particles, owing to volume expansion and contraction during charge and discharge in a high volumetric capacity battery electrode, is monitored by using electrochemical dilatometry and suppressed by the use of a polyimide binder.






Silicon is a potential high-capacity anode material for lithium-ion batteries. However, large volume changes in the material remains a bottleneck to its commercialization. Many works have been devoted to nanostructured composites with voids to accommodate the volume expansion. Yet, the full capability of silicon cannot be utilized, because these nanostructured electrodes have low volumetric capacities. Herein, we redesign dense silicon electrodes with three times the volumetric capacity of graphite. In^^situ electrochemical dilatometry reveals that the electrode thickness change is nonlinear as a function of state of charge and highly affected by the electrode composition. One key problem is the large vertical displacement of the silicon particles during lithiation, which leads to irreversible particle detachment and electrode porosity increase. Better reversibility in electrode thickness changes can be achieved by using polyimide, with a higher modulus and larger ultimate elongation, as the binder, leading to better cycle stability.
Batteries have become key components in mobile devices. The global market share of lithium-ion batteries was more than 10^^billion US dollars in 2012, and is expected to increase significantly with the increasing demand in energy storage for renewable sources such as wind farms, solar farms, and so forth.[1] Many researchers are developing new materials such as metal-oxide, tin-based, and silicon-based anodes to increase the specific capacity and energy density of lithium-ion batteries.[2--8] However, the bottleneck to battery development is not only the capacity, but also the reversibility of Li incorporation into an electrode without degradation. One of the main problems of next-generation, high-capacity anode materials is their large volume change during charge and discharge. For example, silicon (Si), with a capacity of up to 4000^^mAh^g<M->1, has a theoretical volume change of 311^%.[9] Continual changes in material structure and mechanical properties during cycling lead to fatigue, material cracking, loss of contact, and electrode delaminates that will decrease the amount of usable materials and increase cell resistance, thereby decreasing the available capacity.
Many researchers try to accommodate the volume change in Si electrodes by incorporating additional spaces within the electrode with nanomaterials, graphene composites, and inactive phases.[10--20] Even though the cycle performance is, in general, improved, the volumetric capacity is sacrificed with the large number of voids. In some cases, the volumetric capacities of nanostructured silicon electrodes with packing densities less than 0.2^^gSi^cm<M->3 are even lower than that of a practical graphite electrode (ca. 560^^mAh^cm<M->3). For mobile applications, where volume matters, more dense Si electrodes are necessary to increase the overall volumetric capacity and energy density. The key question is, therefore, how to maintain mechanical reversibility in these packed electrodes.
To understand and solve the mechanical issues in dense Si electrodes, the volume change during charge and discharge needs to be quantified. Dimensional changes in individual Si nanowires during operation were previously studied by using transmission electron microscopy.[20--22] However, the mechanical behavior of a dense composite Si electrode is expected to be different, because of particle interactions. Thickness changes of Si electrodes have been measured by cross-sectional scanning electron microscopy (SEM), by visually monitoring the dimensions of the electrodes in selected charge--discharge states.[23--26] However, the measurement method is time consuming and cannot accurately give the dependence of thickness change on the state of charge.
Electrochemical dilatometry is another method that can measure the thickness change of an electrode, integrating it over its entire volume. It is an in^^situ system, in which the real-time change in electrode thickness is monitored through a membrane during charge and discharge. The method was previously applied to carbon, SiO, and silicon thin-film electrodes,[27--34] but none of the work analyzed, in detail, the thickness-change mechanisms with Li insertion/extraction or the effect of electrode composition.
Herein, we set our targeted electrode volumetric capacity to about three times that of graphite (1440--1800^^mAh^cm<M->3). We quantify the thickness change of the dense electrodes during charge and discharge by using in^^situ electrochemical dilatometry. We demonstrate that the amount of expansion and contraction is nonlinear with the amount of lithium, which is attributed to both an intrinsic lattice volume change of Si--Li alloying and vertical displacement of the silicon particles. We identify binder breakdown as a main cause for electrode degradation. Better cycle performance is achieved by using a polyimide binder, and the stability is verified by the dilatometer. We establish dilatometry as a valuable tool to design mechanically stable, dense electrodes.
To understand the effect of the electrode density on the volumetric capacity (in mAh^cm<M->3), a contour plot with respect to packing density (in g^cm<M->3) and specific capacity (in mAh^g<M->1) is shown in Figure^^1<figr1>. The axes are plotted in a log-base-2 scale to make it easier to visualize. The solid triangle represents the current status of commercial graphite electrodes (ca. 560^^mAh^cm<M->3). The theoretical limits of the volumetric capacity for different materials are also given in Table^^1<tabr1> as a reference. Unfortunately, most nano-Si electrodes have packing densities of <0.2^^gSi^cm<M->3, which give no advantage compared to graphite in terms of volumetric capacity. It is clear that increasing the packing density of Si electrodes is essential. We, therefore, target Si anodes with 60^^wt^% Si, 20^^wt^% acetylene black, and 20^^wt^% binder (abbreviated as "622" hereafter) and an electrode packing density of approximately 1.2^^g^cm<M->3, which gives a volumetric capacity of 1440--1800^^mAh^cm<M->3, which is about three times that of graphite. The weight ratio was chosen based on a compromise between packing density and cycle stability (see the Supporting Information). The studied binders comprised carboxymethyl cellulose sodium salt (CMC from Sigma Alrich), polyvinylidene fluoride (PVdF from Kynar HSV900), and polyimide (DB100----Dreambond 100 from IST). The typical electrode thickness, after pressing, is between 20 and 25^^μm, which corresponds to an area loading of approximately 1.6^^mgSi^cm<M->2. A simple calculation based on the bulk densities of the individual components gives an electrode volumetric ratio of about 31^% Si, 16^% carbon, and 20^% binder as well as a porosity of 33^%. The porosity in our electrode is much lower than the 60--70^% values achieved in most of other works.[35,^36]
To visualize and check the thickness of the Si electrodes, cross-sectional SEM was performed before and after discharge to 2000^^mAh^g<M->1, initially on 622-CMC electrodes (note that "discharge" refers to lithiation here). Cross sections of the electrode were made by ion milling and the SEM images of the as-coated and discharged electrode are shown in Figure^^2^a<figr2> and Figure^^2^b<xfigr2>, respectively. The Cu current collector has a thickness of 26^^μm, which is verified in the SEM images. The initial Si film thickness is 22^^μm. After discharging, the film thickness becomes 47^^μm, which corresponds to an expansion of 114^%.
For real-time thickness measurements, working electrodes were mounted into the electrochemical dilatometer (see Figure^^2^c<xfigr2> for a schematic diagram of the setup) with Li metal as the counter electrode. The working electrode is mechanically isolated from the Li metal with a glass frit and the thickness change is measured through the membrane by using a linear voltage displacement transducer. The percentage thickness change (Δh) is calculated by using Equation^^(1)<ffr1>:
<ff1><ZS>(1)
where hi is the initial thickness of the electrode. The thickness change is monitored continuously during charge and discharge, resulting in a height--time curve. Figure^^3^a<figr3> shows such a curve for a 622-CMC electrode. Since the current rate is fixed at 150^^mA^g<M->1, the capacity delivered to the electrode is proportional to test time.
The first observation from Figure^^3^a<xfigr3> is that the thickness of the electrode increases with lithiation (discharge) and decreases with delithiation (charge), which is consistent with the alloying and de-alloying process. An initial discharge capacity of 3400^^mAh^g<M->1 is obtained, which is close to the theoretical limit of Si. The amount of thickness change observed after 2000^^mAh^g<M->1 is 122^% (marked in Figure^^3^a<xfigr3>), which is similar to the value measured by using SEM. This verifies that the measurement from the dilatometer is reasonable and reliable. The total thickness change after full lithiation is about 450^%, which is higher than values measured by other groups.[26,^35] This is partly because of the higher Si content (60^^wt^%) and lower porosity (33^^vol^%) in our electrode, which translate to a larger overall volume change and more particle--particle interaction during expansion. Note that the increase in thickness is not linear. In addition, during delithiation, the thickness does not return to the level of the pristine electrode. Only about 70^% of the expansion is recovered for the 622-CMC electrode after charging.
To interpret the change in thickness of the electrodes, the dilatometer result is redrawn with respect to the cumulative capacity of the electrode (i.e. a discharge process moves the curve to the right and a charge process moves it back to the left); see Figure^^3^b<xfigr3> for the 622-CMC. There are, in general, two contributions to the thickness change of an electrode during charge and discharge; the first is from the intrinsic lattice volume change of Si--Li alloying and the second is from other electrode effects such as particle--particle interactions, increases in electrode porosity, and so forth.
The intrinsic lattice volume change of Si--Li alloying is linear with respect to the Li content and capacity, with a slope of 0.0737^% per mAh^gSi<M->1, which was calculated based on molar volume changes in crystalline phases of Si--Li (see the Supporting Information).[9,^37,^38] Even though, electrochemically, Si becomes amorphous during lithiation until the formation of a metastable Li15Si4 crystalline phase, the intrinsic expansion of the Si lattice is expected to follow a similar slope. In an electrode, we expect to observe only expansion in the out-of-plane direction, as the Si particles are being constrained in the in-plane direction by the electrode and the current collector. This is verified experimentally, as we do not observe a significant change in electrode area for a fully lithiated electrode after opening the cell. A straight line representing the intrinsic expansion of Si, assuming all expansion in the height direction, is drawn in Figure^^3^b<xfigr3>. The nonlinear part of the observed expansion can, therefore, be attributed to external changes in volume from the electrode.
One can now see three distinct regions in the thickness change during first discharge, labelled as stages^^I, II, and III in Figure^^3^b<xfigr3>. Stage^^I sees a small increase in thickness when up to 500^^mAh^g<M->1 Li is inserted into the material. The electrode is able to accommodate the volume expansion (theoretically about 50^%) of the silicon particles, probably by filling in the empty space between the particles with an initial electrode porosity of 33^%. After the particles grow to a certain size, they push each other, resulting in vertical movement of the particles in the binder matrix, with further volume expansion (stage^^II). The CMC binder, either elastic within this region or undergoing "self-healing" through reformation of hydrogen bonds, holds the particles together.[35] The slope of the thickness change during stage^^II coincides with the as-drawn theoretical line, suggesting that the thickness change during stage^^II is cause by intrinsic expansion of Si. After a certain point, an accelerated increase in thickness change is observed (stage^^III). The particles continue to expand individually and push away from each other. The large increase is attributed to the breakdown of the binder and cracking of the particles, which lead to an increase in electrode porosity. At the end of the first discharge, the 622-CMC electrode exhibits a thickness increase of 450^%. This is the maximum thickness increase, as the dilatometer measures the change of the thickest part of the electrode.
During Li removal (charging), the thickness of the electrode decreases, but the amount of contraction is less than the expansion step (stage^^IV). Part of the reason is the inability of the plastically deformed binder to pull the particles back to their original places. This leads to an overall increase in porosity within the electrode. In additional, the particles can contract in three directions without restriction, as opposed to only one direction during expansion. A hysteresis is also observed during the second lithiation, as there are more spaces within the electrode after initial contraction for expansion.
To illustrate the thickness change and the movement of particles within an electrode, a schematic diagram was constructed (Figure^^4<figr4>). For simplicity, we have drawn 2D cross sections of the Si particles as spheres in an electrode, with periodic boundary conditions in the horizontal directions. In reality, the particles have irregular shapes (see the Supporting Information for an SEM image). To give an impression of the ratios and dimensions, this figure is drawn to scale, taking account of the volume fractions in the electrode and a theoretical volume expansion of 311^% after full lithiation. Since the typical size of the Si particles in our test is about 5^^μm and the electrode thickness is roughly 20--25^^μm, we represented the electrode as five layers of Si (periodic cubes containing 5×5×5 Si particles), which is close to reality. State^^A shows a simplified arrangement of the particles, assuming a Si volume content of 31^% (with 36^^vol^% carbon and binder as well as 33^^vol^% void in the electrode). The virtual "piston" at the top highlights the thickness change of the electrode, as measured by the dilatometer. During initial lithiation, crystalline Si becomes amorphous with the formation of Si--Si clusters and isolated Si.[39,^40] To represent the two-phase reaction during initial lithiation, particles with two sizes are drawn. At the beginning (state^^A→B), we expect the voids within the electrode to accommodate the increase in volume, so the thickness change is small.[35] As the particles grow in size, they push on their neighbors (state^^B→C) and, thus, increase the electrode thickness through their own vertical rearrangement. As the electrode contains inactive material and voids, the total thickness change will be less than 311^% after full lithiation (state^^D) if the binder and the particles are intact during this expansion. In reality, the 622-CMC electrode shows a larger thickness change, owing to the breakdown of the binder (stage^^III expansion). This can be suppressed by changing the binder type (as shown later). During delithiation, lithium is removed continuously from the particles (state^^D→E). As the particles can contract in all three directions, we expect the electrode porosity to increase. The electrode at the end of delithiation (state^^E) does not return to the initial pressed state (state^^A), because there is no substantial compressive force in the electrode to rearrange the particles. This explains the irreversible thickness change during the first discharge--charge.
As suggested from Figure^^3^b<xfigr3> and Figure^^4<xfigr4>, if we lower the electrode packing density, it is possible to reduce the electrode thickness change by limiting the expansion within stage^^I. However, the overall volumetric capacity of the electrode will be much reduced. In a dense Si electrode, the intrinsic volume expansion from Li--Si alloying (stage^^II) is unavoidable. In addition, stage^^III expansion (binder breakdown) is detrimental to the electrode. One of the keys to better cycle stability is, therefore, to find a binder that has a large elastic zone and a high modulus to hold the particles together, sustain the large expansion, and provide a compressive force during delithiation. In combination, this minimizes the avoidable part of the expansion cause by less effective space utilization of the lithiated and displaced Si particles.
Many researchers have reported improved cyclic performance of Si and SiO electrodes when they change the binder.[24,^34,^41,^42] Here, we can pinpoint the reason for the improvement by studying how the type of binder affects the thickness change of the electrodes during charge and discharge. In particular, we compared electrodes with polyimide (PI) binder to those with PVdF and CMC. We kept the electrode composition as Si/AB/binder=6:2:2 in all three cases, with the same packing density. Figure^^3^c<xfigr3> depicts the cycle performance of the three types of electrodes. Cycle stability is in the order PVdF<CMC<PI. The electrode with the PI binder can be cycled with higher reversibility. To explain the difference, the electrode thickness changes were measured by using electrochemical dilatometry (Figure^^5^a<figr5>). All electrodes show similar initial discharge capacity, but the overall thickness change for the electrodes with CMC and PVdF is more than 400^%, compared to approximately 300^% with polyimide. The corresponding thickness versus capacity profiles (Figure^^5^b<xfigr5>) show that the rate of thickness change is different for the three binders. In particular, 622-CMC and 622-PVdF show pronounced stage^^III expansion (binder breakdown), which is absent in the 622-PI electrode. As the discharge capacities are similar in all cases, the result suggests PI is able to hold the particles together until 3500^^mAh^g<M->1. The reversible thickness change is also the largest for 622-PI. These contribute to the better cycle performance of the electrode with PI. Even if we limit the capacity of the electrodes to 1500^^mAh^g<M->1, the cycle performances of electrodes with PVdF and CMC are still poor. This is attributed to fatigue and eventual binder breakdown with cycling, leading to loss in reversibility (see the Supporting Information).
The capacity of the electrode with PI still fades with cycling. Part of this is attributed to electrolyte decomposition, seen as a shift to the right in Figure^^5^b<xfigr5> in the thickness versus capacity curve for 622-PI. This can be improved by changing the electrolyte to 1^m LiPF6 in fluorinated ethylene carbonate/dimethyl carbonate (FEC/DEC)=1:1 (see Figure^^3^b<xfigr3>), which is attributed to a stronger surface layer with the use of FEC.[14,^43]
In summary, we have highlighted that the thickness change of Si electrodes originates from the intrinsic volume expansion of Si and a vertical rearrangement of the particles; the former being unavoidable. The rearrangement is partially irreversible (including detachment of some of the active particles), and the higher the irreversibility, the larger the capacity loss. Binder strength is a major factor influencing the stability of Si electrodes. A key target is to minimize the vertical displacement of the particles. Dilatometry is, therefore, an important tool for developing new binders and designing new electrode structures with better stability. Further optimizations of the Si particle size, binder type (e.g. monomers), and electrode preparation conditions (e.g. polymerization temperature) are underway by using the dilatometer.
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Figure^^1	Constant volumetric capacity contour plot. Relationship between packing density, specific capacity, and volumetric capacity.
Figure^^2	Electrode thickness measurements. Cross-sectional SEM image of the 622-CMC electrode a)^^before testing and b)^^after initial discharge to 2000^^mAh^g<M->1. c)^^Schematic diagram of the electrochemical dilatometer.
Figure^^3	Thickness change and electrochemical performance of silicon electrodes. a)^^Thickness change of silicon electrodes with 20^% CMC during charge and discharge. b)^^Thickness change versus cumulative capacity of silicon electrode with 20^% CMC. c)^^Cycle performance of silicon electrodes with different binders.
Figure^^4	Expansion and contraction model of silicon particles in an electrode. Original state^^A is assumed to consist of 5×5×5 spheres. Particle sizes are drawn to scale with respect to the initial volume ratio and expected volume change of 311^% after lithiation (state^^D). 2D cross sections of the electrode are shown.
Figure^^5	Thickness change of silicon electrodes with different binders. a)^^Thickness change versus time (dotted line shows the cell potential). b)^^Thickness change versus capacity (dotted line corresponds to the theoretical expansion of single crystal Si). Current rate is 150^^mA^g<M->1.
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